ABSTRACT: A series of well-defined amphiphilic graft copolymers, containing hydrophilic poly(acrylic acid) backbone and hydrophobic poly(butyl acrylate) side chains, were synthesized by sequential reversible addition fragmentation chain transfer (RAFT) polymerization and atom transfer radical polymerization (ATRP) without any postpolymerization functionality modification followed by selective acidic hydrolysis of poly(tert-butyl acrylate) backbone. tert-Butyl 2-((2-bromopropanoyloxy)-methyl)-acrylate was first homopolymerized or copolymerized with tert-butyl acrylate by RAFT in a controlled way to give ATRP-initiation-group-containing homopolymers and copolymers with narrow molecular weight distributions (M w /M n < 1.20) and their reactivity ratios were determined by FinemanRoss and Kelen-Tudos methods, respectively. The density of ATRP initiation group can be regulated by the feed ratio of the comonomers. Next, ATRP of butyl acrylate was directly initiated by these macroinitiators to synthesize well-defined poly(tertbutyl acrylate)-g-poly(butyl acrylate) graft copolymers with controlled grafting densities via the grafting-from strategy. PtBAbased backbone was selectively hydrolyzed in acidic environment without affecting PBA side chains to provide poly(acrylic acid)-g-poly(butyl acrylate) amphiphilic graft copolymers. Fluorescence probe technique was used to determine the critical micelle concentrations in aqueous media and micellar morphologies are found to be spheres visualized by TEM.
INTRODUCTION
The self-assembly behavior of amphiphilic copolymers in selective solvent has been extensively investigated because of various potential applications of pharmaceutics, coating, rheology modifier, colloidal stabilization, and template for the preparation of nanomaterials. [1] [2] [3] [4] Studies on the self-assembly behavior of amphiphilic copolymer with a given chemical structure in aqueous media have showed that critical micelle concentration (CMC), micelle radius (R h ), and micelle aggregation number (N agg ) as well as micellar morphologies are influenced by many experimental parameters, such as pH value and ionic strength of the solution, micelle preparation conditions, concentration, molecular weight, and composition of the copolymer. [5] [6] [7] Until now, most of the researches focused on the self-assembly behavior of amphiphilic ''block'' copolymers and only a few researches touched on the self-assembly behavior of amphiphilic ''graft'' copolymers because of the synthetic difficulty. 8 Recently, it was found that the architecture of copolymer also played an important role in determining the properties of micelles. 4, 9, 10 Graft copolymers possess the additional complexity in selfassembly because of their complicated and confined structures. Thus, studies on the self-assembly behavior of graft copolymers may provide more information about the controlling of micellar morphologies and the design of new nanomaterials. However, studies on the self-assembly behavior of graft copolymers were limited by the difficult synthesis of well-defined graft copolymers with tunable molecular weights and narrow molecular weight distributions.
Generally, three different strategies including the graftingthrough, grafting-onto, and grafting-from were used to synthesize graft copolymer. 11 Graft copolymer can be obtained via the grafting-through strategy by the polymerization of the macromonomers; the resulting graft copolymers via conventional radical polymerization possessed a broad chainlength distribution 12 and living polymerization of the macromonomers yielded well-defined graft copolymers with low molecular weights. 13 The grafting-onto technique is to graft the side chains onto the backbone by a coupling reaction, normally with an insufficient grafting efficiency. 14 The grafting-from method utilizes the pendant initiation sites on the backbone to initiate the polymerization of another monomer to form the side chains. 15 The development of ''convenient'' living radical polymerization, such as ATRP, [16] [17] [18] [19] [20] modified ATRP, 21 single-electron-transfer living radical polymerization (SET-LRP), [22] [23] [24] [25] [26] and reversible addition fragmentation chain transfer (RAFT), 27, 28 has made it feasible to prepare the versatile well-defined comb copolymers from the graftingthrough [29] [30] [31] and grafting-from strategies. 20 As to most recent reports about the synthesis of well-defined amphiphilic graft copolymers, 11,32-41 a well-defined polymeric backbone was first prepared by living polymerization and the pendant initiation groups were introduced into the backbone by additional postpolymerization functionality modification. A most-used way is to convert the hydroxyl side group on the backbone into the pendant initiation groups. However, it was difficult to well tune the density of the pendant initiation group because of the complexity of macromolecular reaction.
In this work, synthesis of poly(acrylic acid)-g-poly(butyl acrylate) (PAA-g-PBA) well-defined amphiphilic graft copolymers with narrow molecular weight distributions and controllable grafting densities via successive RAFT and ATRP is reported as shown in Scheme 1. tert-Butyl 2-((2-bromopropanoyloxy)methyl)acrylate (tBBPMA), an unusual acrylate monomer containing ATRP initiation group, was first homopolymerized and copolymerized with tert-butyl acrylate by RAFT to give well-defined poly(tert-butyl acrylate)-based macroinitiator and the density of ATRP initiation group could be regulated by the feed ratio of the comonomers. This kind of PtBA-based macroinitiator directly initiated bulk ATRP of butyl acrylate to afford well-defined poly(tert-butyl acrylate)-g-poly(methyl acrylate) (PtBA-g-PBA) graft copolymers without any postpolymerization functionality modification. The final amphiphilic graft copolymers were obtained by selective acidic hydrolysis of PtBA backbone and they can form spherical micelles in aqueous media.
EXPERIMENTAL

Materials
Butyl acrylate (BA, Aldrich, 99%) was washed with 5% aqueous NaOH solution to remove the inhibitor, then washed with water, dried over CaCl 2 and distilled twice under reduced pressure before use. tert-Butyl acrylate (tBA, Aldrich, 98%) was washed with 5% aqueous NaOH solution to remove the inhibitor, then washed with water, dried over CaCl 2 , and distilled twice from CaH 2 under reduced pressure before use. 2,2 0 -Azobis(isobutyronitrile) (AIBN, Aldrich, 98%) was recrystallized from anhydrous ethanol. Copper (I) bromide (CuBr, Aldrich, 98%) was purified by stirring overnight over CH 3 CO 2 H at room temperature, followed by washing the solid with ethanol, diethyl ether and acetone before drying at 40 C in vacuo for 1 day. N-Phenyl-1-naphthylamine (PNA, Alfa Aesar, 97%) was purified by recrystallization in ethanol for three times. Triethylamine (TEA, Aldrich, 99.5%) was dried over KOH and distilled from CaH 2 under N 2 before use. Tetrahydrofuran (THF, Aldrich, 99%), dichloromethane (Aldrich, 99.5%) and toluene (Aldrich, 99%) were dried over CaH 2 and distilled from sodium and benzophenone under N 2 before use. Cumyl dithiobenzoate (CDB) was synthesized according to previous literature. 42 Formalin (Aldrich, 38 wt %), 4-di(methylamino)pyridine (DMAP, Aldrich, 99%), trifluoroacetic acid (TFA, Aldrich, 99%), N,N 0 -dicyclohexylcarbodiimide (DCC, Aldrich, 99%), 2-bromopropionic acid (Aldrich, 99%), N,N,N 0 ,N 0 ,N 00 -pentamethyldiethylenetriamine (PMDETA, SCHEME C using THF as eluent (flow rate: 1.0 mL/min). The system was calibrated with linear polystyrene standards. Steady-state fluorescent spectra were measured at 20 C on a Hitachi F-4500 fluorescence spectrophotometer with the band width of 5 nm for excitation and emission, the emission intensity at 418 nm was recorded to determine the CMC, where k ex was 340 nm. Transmission electron microscope (TEM) images were obtained by a JEOL JEM-1230 instrument operated at 80 kV.
Synthesis of tert-Butyl 2-((2-Bromopropanoyloxy) methyl)acrylate 1 ATRP-initiation-group-containing acrylic monomer 1 was synthesized in two steps using commercially available tertbutyl acrylate, formalin, and 2-bromopropionic acid as starting materials, according to our previous reports. [43] [44] [45] Firstly, tert-butyl acrylate reacted with formalin to give an intermediate of tert-butyl (2-hydroxymethyl)acrylate with a yield of 77.0%. Next, the desired acrylic monomer, tBBPMA 1 was obtained via the reaction between the intermediate and 2-bromopropionic acid at room temperature with a yield of 94.4%. ESI-MS (m/z): 237 (M þ -C 4 H 9 ). HRMS (m/z): RAFT Copolymerization of tBBPMA 1 and tBA In a typical procedure, AIBN (16.4 mg, 0.1 mmol) and CDB (81.6 mg, 0.3 mmol) were first added to a 25 mL Schlenk flask (flame-dried under vacuum before use) sealed with a rubber septum for degassing and kept under N 2 . Next, tBBPMA 1 (0.879 g, 3 mmol), tBA (1.152 g, 9 mmol), and dry toluene (0.6 mL) were added via a gastight syringe. The flask was degassed by three cycles of freezing-pumpingthawing followed by immersing the flask into an oil bath set at 70 C. The polymerization was terminated by immersing the flask into liquid N 2 after 24 h. THF was added to dilute the solution and the solution was precipitated into a mixture of water and methanol (v:v ¼ 3:7). The crude product was purified by repeated dissolution and precipitation followed by drying in vacuo overnight to give 1.25 g of pink powder. To remove the dithiobenzoate moiety, AIBN (1.60 g, 9.8 mmol), and 1.25 g of pink powder were first added to a 100 mL Schlenk flask sealed with a rubber septum for degassing and kept under N 2 . Next, dry toluene (80 mL) was added via a gastight syringe. The flask was immersed into an oil bath set at 80 C and the reaction was quenched by liquid N 2 after 8 h. The solution turned to colorless and was precipitated into a mixture of water and methanol (v:v ¼ 3:7) after concentration. After repeated purification of dissolution and precipitation, 0.90 g of white powder, poly(tert-butyl 2-((2-bromopropanoyloxy)methyl)acrylate)-co-poly(tert-butyl acrylate) (PtBBPMA-co-PtBA) 2d, was obtained by drying in vacuo overnight. GPC: , and dry toluene were added via a gastight syringe. The flask was degassed by three cycles of freezing-pumping-thawing followed by immersing the flask into an oil bath set at 70 C. The polymerization was terminated by immersing the flask into liquid N 2 after 20 min and the total conversion of both monomers was kept below 10%, which was confirmed by 1 H NMR. THF was added to dilute the solution and the solution was precipitated into a mixture of water and methanol (v:v ¼ 3:7). The crude product was purified by repeated dissolution and precipitation followed by drying in vacuo overnight to give a pink viscous liquid. The compositions of the copolymers were measured by 1 H NMR.
ATRP Graft Copolymerization of Butyl Acrylate
CuBr and ATRP macroinitiator 2 were added to a 25 mL Schlenk flask (flame-dried under vacuum prior to use) sealed with a rubber septum under N 2 . After three cycles of evacuating and purging with N 2 , PMDETA and BA were charged via a gastight syringe. The flask was degassed by three cycles of freezing-pumping-thawing followed by immersing the flask into an oil bath preset at 80 C. The polymerization was terminated by immersing the flask into liquid N 2 after certain time. The reaction mixture was diluted by THF and passed through an alumina column to remove the residual copper catalyst. The solution was concentrated and precipitated into cold n-hexane. After repeated purification by dissolving in THF and precipitating in cold n-hexane, PtBA-g-PBA 3 graft copolymer was obtained after 
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THF solution of PAA-g-PBA (10 mg/mL) was added dropwise to water under vigorous stirring until the concentration of graft copolymer was 0.1 mg/mL. THF was evaporated by stirring moderately for 8 h at room temperature. For TEM studies, 10 lL of micelle solution was deposited on an electron microscopy copper grid coated with carbon film and water was evaporated at room temperature.
RESULTS AND DISCUSSION
Preparation of ATRP Macroinitiator Without Functionality Modification
As is well-known, hydroxyl is easy to be transformed into ATRP initiation group via common esterification reaction.
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In current case, we first introduced hydroxy-methyl into tBA to give the key intermediate of tert-butyl (2-hydroxymethyl)acrylate via Baylis-Hillman reaction and the esterification of tert-butyl(2-hydroxymethyl)-acrylate was performed by reacting with 2-bromopropionic acid to afford the targeted tBBPMA 1 monomer containing ATRP initiation group. This kind of acrylate monomer was characterized by FTIR, 1 H NMR, 13 C NMR, ESI-MS, and HRMS. Figure 1(A) shows FTIR spectrum of tBBPMA 1 and typical signals of the carbonyl and the double bond were found to be at 1748, 1720, and 1643 cm Fig. 1(D) ] and the fragmentation of the molecular ion peak of tBBPMA 1 gave rise to the product ions with m/z 237 corresponding to the loss of C 4 H 9 . HRMS provided the formula of C 7 H 10 O 4 Br and the found mass was 236.9765, which is almost equal to the calculated mass of 236.9762. All these evidences confirmed the successful synthesis of ATRP-initiation-group-containing monomer, tBBPMA 1.
In terms of reaction conditions, variety of monomers for which polymerization can be controlled and tolerance of monomer functionalities, RAFT polymerization seems to be the most versatile process among different LRP methods and we can also conveniently employ this technique to prepare a wide variety of copolymers. RAFT polymerizations of acrylates have been extensively investigated and they usually result in well-defined polymers. 46, 47 In this work, RAFT homopolymerization and copolymerization (with tBA) of tBBPMA 1 with a moderate conversion for avoiding any possible crosslinking were run in toluene at 70 C using AIBN as initiator and CDB as chain transfer agent (CTA) to prepare PtBA-based ATRP macroinitiators with different densities of ATRP initiation group (Table 1) . As the minor proportion of dithiobenzoate moiety may affect next ATRP graft polymerization and its pink color (inset A of Fig. 2 ) may hinder from observing the phenomenon of polymerization, this moiety was treated with AIBN 48 and a kind of white powder (inset B of Fig. 2 ) was obtained after the reaction, which showed the absence of dithiobenzoate residue. The disappearance of the characteristic peak (510 nm) in UV/vis spectrum after the reaction also confirmed the complete removal of this sulfur-containing end group. 48 After RAFT polymerization, FTIR spectrum showed the disappearance of the typical signal of double bond at 1643 cm À1 . The resonance signals of double bond also disappeared in 1 H NMR spectrum (Fig. 2) , whereas the peaks of polyacrylate backbone were located at 1.85 and 2.17 ppm. In particular, the resonance signal of 1 proton of CH 3 CHBr ATRP initiation group at 4.20 ppm was kept and the bromine content after RAFT homopolymerization was almost same with that of the monomer, this confirming that CH 3 CHBr ATRP initiation group was tolerable during RAFT polymerization. Every GPC curve of macroinitiator 2 showed only a unimodal and symmetrical peak with narrow molecular weight distribution (M w /M n < 1.20). All these results demonstrated the formation of well-defined PtBA-based ATRP macroinitiators.
From the data of molecular weights of linear PtBBPMA 2 homopolymers (M n ¼ 6,400 for 2a and 8,400 for 2b) measured by GPC, it can be easily estimated that every 2a and 2b chain possesses 21.2 and 28.0 ATRP initiation groups, respectively. The approximate number of ATRP initiation group in linear PtBBPMA-co-PtBA 2 copolymer can be calculated from the data of molecular weights measured by GPC and bromine contents (Table 1 ) via the following equation set, in which 'x' and 'y' are the numbers of repeating unit with and without ATRP initiation group (Scheme 1), respectively; 187 is the molecular weight of end group; 293 and 128 are the molecular weights of repeating unit with and without ATRP initiation group, respectively. Therefore, we can conclude that the density of ATRP initiation group can be regulated by the feed ratio of the comonomers and ATRP initiation group can be introduced into every repeating unit by RAFT homopolymerization of tBBPMA 1.
The current system we used is a mixed monomer system, no longer acrylate with acrylate, but acrylate with methacrylate. This is likely to lead to different reactivity ratios for the comonomers and a nonhomogenous distribution of ATRP initiation groups along the backbone. Thus, linear least-squares regression analysis was used to determine the reactivity ratios for RAFT copolymerizations of tBBPMA and tBA according to Fineman-Ross (FR) and Kelen-Tudos (KT) equations. Both linear extrapolation plots afforded the similar values of the reactivity ratios. The reactivity ratios of tBBPMA (r 1 ) and tBA (r 2 ) are 1.0114 and 0.3946 inferred with FR technique, and 0.7428 and 0.4286 obtained by KT method, which means the reactivity of tBBPMA is higher than that of tBA. Therefore, the sequence of the copolymer was statistical in structure with more tBBPMA units. As the reactivity ratios of tBBPMA and tBA are not both above 1.0, the product of RAFT copolymerization was not the block copolymer, but the random copolymer.
Synthesis of PtBA-g-PBA Well-Defined Graft Copolymer PtBA-based macroinitiator 2 directly initiated ATRP of BA using CuBr/PMDETA as catalytic system to provide PtBA-g-PBA 3 graft copolymers via the grafting-from strategy (Table  2) . In current case, PBA side chains took the place of PMA side chains in our previous report 44 to broaden the scope of our system. Moreover, the hydrolyzed product, PAA-g-PBA, would benefit us to understand how PBA segment with low T g (around À50 C) would affect the self-assembly behavior. The molecular weights of graft copolymers 3a, 3b, 3c, and 3d were all much higher than those of macroinitiator 2, which meant the occurrence of ATRP of BA. In addition, all graft copolymers showed unimodal and symmetrical GPC curves ( Fig. 3) with narrow molecular weight distributions (M w /M n 1.27), which are characteristic of ATRP 16, 17 and also indicated that intermolecular coupling reactions could be neglected. 33 Figure 4(A) shows typical 1 H NMR signals of the corresponding protons of PtBA backbone and PBA side chains. The new peak at 4.04 ppm (peak 'j') is attributed to two protons of CO 2 CH 2 C 3 H 7 group of PBA side chain. The strong signal located at 64.6 ppm in 13 C NMR spectrum [ Fig. 5(A) ] belonged to one carbon of CO 2 CH 2 C 3 H 7 group of PBA side chains. All these points made sure of the chemical structure of PtBA-g-PBA 3 graft copolymer. Since the molecular weight of graft copolymer measured by GPC is much lower than the 'real' value, 49 1 H NMR was also used to determine the molecular weights of PtBA-g-PBA 3 graft copolymers and the lengths of PBA side chains as listed in Table 3 .
PtBBPMA 2a and PtBBPMA-co-PtBA 2d macroinitiators were used to study the kinetics of bulk ATRP of BA. The conversions of BA were measured by 1 H NMR as listed in Table 3 depends on the time, which indicated that the apparent polymerization rate is first order with respect to the concentration of BA and the number of propagating species is constant during the polymerization. This phenomenon plus eight unimodal and symmetrical GPC curves of PtBA-g-PBA 3e-3l graft copolymers (Fig. 3) with narrow molecular weight distributions (M w /M n 1.24) both accord with the characteristic of ATRP. 16, 17 Thus, it is clear that the polymerizations of the backbone and the side chains were both controllable.
Selective Hydrolysis of PtBA Backbone TFA was used to convert hydrophobic PtBA backbone to hydrophilic PAA backbone in CH 2 Cl 2 41,50,51 and the chemical structure of the hydrolyzed product was examined by 1 H NMR, 13 C NMR, and FTIR. The strong peak of nine protons of tert-butyl group at 1.43 ppm [peak 'c' in Fig. 4(A) ] disappeared after hydrolysis and the typical signal ACOOH group appeared at 12.3 ppm [ Fig. 4(B) ]. C NMR spectra after hydrolysis showed that typical signals of PBA side chains were retained, this meant PBA segments were not affected during the hydrolysis. All these results indicated that PtBA-g-PBA 3 graft copolymer was selectively hydrolyzed to PAA-g-PBA 4 graft copolymer.
The CMC values of PAA-g-PBA 4 amphiphilic graft copolymer in aqueous media were determined by fluorescence technique using PNA as probe. PNA can display higher fluorescence activity in nonpolar surroundings and its fluorescence can be very easily quenched by polar solvents, such as water; moreover, it is a more suitable fluorescent probe than pyrene in terms of reproducibility.
52 Figure 7 shows the relationship of the fluorescence intensity ratio (I/I 0 ) of PNA as a function of the concentration of PAA-g-PBA 4d at 20 C. It is apparent that I/I 0 increased sharply when the concentration of the graft copolymer exceeded a certain value, which meant PNA probe was incorporated into the hydrophobic region of micelles. Thus, the intersection of two straight lines with a value of 7.46 Â 10 À6 g/mL was determined to be CMC of PAA-g-PBA 4d. The CMC values of PAA-g-PBA 4 are listed in Table 4 , which are comparable with those of polymeric amphiphiles. 53, 54 The CMC values of PAA-g-PBA 4 decreased with the increasing of the content of hydrophobic PBA side chains.
The micellar morphologies were visualized by TEM (Fig. 8 ) and all PAA-g-PBA 4 amphiphilic graft copolymers with different compositions aggregated into spherical micelles (ca. 70-110 nm) in pure water. The confined structure of the graft copolymers resulted in the compact micelles which looked dark in TEM images. It is obvious that the hydrophilic PAA segment formed the shell and the hydrophobic PBA segment formed the core. Because of its hydrophobic property, PBA segment will aggregate in aqueous media; however, the hydrophilic PAA segment can wrap the 'hydrophobic' microphase and form a corona to stabilize it, which led to the formation of spherical micelles. Moreover, well-dispersed spherical micelles observed in Figure 8(A,B) confirmed that PAA segment could provide enough coverage to form and stabilize the micelles. The high T g of PAA segment (around 100 C) could ensure the vitrification of the formed PAA corona to prevent from the collapse of the micelles. The micellar morphologies and sizes could be reproduced after 2 weeks via the same micellar solution, which evidenced the equilibrium state of micelles.
CONCLUSIONS
We first prepared a new acrylate monomer containing ATRP initiation group, tert-butyl 2-((2-bromopropanoyloxy)-methyl)-acrylate, which can be homopolymerized or copolymerized with tert-butyl acrylate by RAFT in a controlled way to obtain well-defined homopolymers and copolymers with narrow molecular weight distributions (M w /M n < 1.20). postpolymerization functionality modification was avoided in this process as ATRP initiation group was directly incorporated into acrylate monomer and its density can be regulated by the feed ratio of comonomer. These polymers directly initiated ATRP of BA to synthesize well-defined PtBA-g-PBA graft copolymers with controllable grafting densities via the grafting-from strategy. The syntheses of the backbone and side chains are both controllable. PAA-g-PBA well-defined amphiphilic graft copolymers were obtained by acidic selective hydrolysis of PtBA backbone. This work would benefit the synthesis of well-defined graft copolymers in polymer chemistry because the side chains can be easily extended to other polymers, either hydrophobic or hydrophilic. 
